Abstract | Proteases have an important role in many signalling pathways, and represent potential drug targets for diseases ranging from cardiovascular disorders to cancer, as well as for combating many parasites and viruses. Although inhibitors of well-established protease targets such as angiotensin-converting enzyme and HIV protease have shown substantial therapeutic success, developing drugs for new protease targets has proved challenging in recent years. This in part could be due to issues such as the difficulty of achieving selectivity when targeting protease active sites. This Perspective discusses the general principles in protease-based drug discovery, highlighting the lessons learned and the emerging strategies, such as targeting allosteric sites, which could help harness the therapeutic potential of new protease targets. P e r s P e c t i v e s 690 | SEPTEMBER 2010 | VOlUME 9 www.nature.com/reviews/drugdisc © 20 Macmillan Publishers Limited. All rights reserved 10
Proteins are among the most stable biological polymers. Peptide bonds can withstand hours in boiling concentrated acid, yet they last no more than microseconds in the presence of a specific protease. The study of proteolysis goes back at least to the nineteenth century with the description of pepsin by Schwann in 1836 and of trypsin by Corvisart in 1856. Since then, proteases have been identified in almost every organism, have been discovered to play a part in most biological pathways 1 and have been implicated in almost every disease.
Historically, much of the focus has been on the role of proteases in coagulopathies, inflammation, infectious diseases, cancer and degenerative diseases, and some protease inhibitors have been developed into highly successful drugs. For example, inhibitors of the human protease angiotensinconverting enzyme (ACE), such as captopril, have been used in the treatment of cardiovascular disorders, primarily hypertension and congestive heart failure, for several decades 2 . In addition, inhibitors of the HIV protease, such as ritonavir, atazananvir and tipranavir (Aptivus; Pfizer/Boehringer Ingelheim), have had a key role in transforming the treatment of HIV infection since their introduction in the mid-1990s 3 (see TABLE 1 for examples). Inhibitors of the proteases thrombin and factor Xa together have current global sales of US$1 billion, which is anticipated to rise to $3.5 billion by 2014 (REf. 4) , whereas antihypertensive drugs that act on the proteases in the renin-angiotensin system currently have over $6 billion global sales 1 . Indeed, at present, we estimate that 5-10% of all pharmaceutical targets being pursued for drug development are proteases.
The general strategy for therapeutically targeting proteases is to identify a specific inhibitor -generally a small molecule -that blocks the active site. As discussed below, discovery efforts for new inhibitors have typically been based on the structure of known protease substrates, presenting a substantial challenge for the development of peptidomimetic compounds that have the pharmacokinetic characteristics needed to be suitable as a drug. Furthermore, proteolytic pathways generally consist of close homologues that have an identical catalytic mechanism and similar substrate specificity profiles. Consequently, relatively large peptidic or peptidomimetic inhibitors are often required to achieve potent and selective active-site inhibition, adding to the challenge of identifying compounds with the appropriate drug-like properties.
So the two key questions in proteasebased drug discovery are: how specific should an inhibitor be to deliver a therapeutic outcome and what are the best ways to achieve the specificity needed? Despite the successes of active-site targeted inhibitors in helping to gain fundamental scientific information and the successes in the design of some highly valuable drugs, the limited number of new protease inhibitors introduced during the past decade (about six), as well as several high-profile failures, indicates a need to explore alternative approaches. 1 for more complete tables). This highlights two additional important questions for protease-based drug discovery: are there common reasons for the apparent lack of recent success, and if so, are alternative strategies available to enhance the likelihood of success in the future?
Here, we discuss principles for targeting proteases, with a focus on drug discovery. After providing an introduction to general protease biology and their role in disease, as well as the requirements for the design of a protease inhibitor, we examine the current strategies being pursued for protease inhibitor development, and discuss key issues such as the development of reversible inhibitors or irreversible inhibitors. We then explore the new insights into protease biology and structure that are shaping emerging therapeutic approaches, such as the development of allosteric protease modulators and of biological protease inhibitors.
Proteolytic pathways
Proteases and their inhibitors are popular experimental models for structural biologists, for protein engineers and in studies of protein folding. There have been huge strides in the elucidation of their mechanisms of action, their biology and their structure over the past 10 years. The number of known proteases has also increased substantially and the MEROPS protease database now lists 679 known and putative human peptidases, and an additional 423 non-catalytic homologues in humans alone (as of August 2010).
These proteases fall into five main mechanistic classes: the metalloproteinases (~200), serine proteases (~180), cysteine proteases (~160), threonine proteases (~30) and aspartic acid proteases (~25), with the remaining proteases belonging to groups with an unknown or unclassified catalytic mechanism 5 . Proteases in established classes cleave peptide bonds through several different mechanisms. Serine proteases, cysteine proteases and amino-terminal nucleophile hydrolases (threonine proteases) possess an enzyme side chain in the active cleft that participates in catalysis (so-called covalent catalysis). By contrast, aspartic acid proteases and metalloproteinases carry out peptide-bond hydrolysis without covalent participation, primarily by generating a highly reactive water molecule (fIG. 1) .
From the biological and the drug design point of view, the most important feature of a protease is its ability to recognize and to pro cess its putative substrate or substrates. The intrinsic specificity of a protease is defined by the optimal peptide sequence or motif that binds to the specificity determinants or specificity pockets of the active site cleft, and can be greatly enhanced by exosites and allosteric sites (fIG. 2) . Proteases were previously thought to bind their substrates with the peptide chain running through the catalytic cleft in an extended conformation, although this concept may now need to be adjusted to explain the ability of proteases to cleave in apparently well-structured α-helices 6 . The concept of proteases acting in proteolytic cascades was developed by Davie, Ratnoff and MacFarland during their pioneering work on blood coagulation around 40 years ago [7] [8] [9] [10] . Since that time, several other proteolytic cascades have been postulated, for example, in fibrinolysis, complement fixation, apoptosis and gastrulation
. Blood coagulation is viewed as the model proteolytic cascade in which information is passed through a pathway involving sequential activations of protease zymogens, with a minimal pathway requiring the proteases factor VII, factor X and prothrombin
. Besides signal amplification, this cascade provides multiple regulation points, which are presumed to allow fine-tuning. Indeed, most proteolytic cascades have endogenous inhibitors that target the activated proteases, which can act either as 'buffers' or 'thresholds' to hold in check a pathway that has become inappropriately activated 11 . However, this is extremely difficult to verify in vivo, so the multiple-regulationpoint concept awaits experimental validation.
For some other postulated proteolytic cascades, the term 'cascade' warrants some revision 12 . For example, in proteolytic matrix remodelling, the existence of a cascade, or even of a proteolytic pathway, is questioned by considerable biochemical and genetic evidence 13 . Perhaps the concept of a redundant network of interactions is more appropriate in this case 14 .
It is now considered that many of the metalloproteinases once thought to degrade the matrix might in fact be limited processing enzymes, the substrates of which are cytokines and growth factors 13 . It is also unclear whether the plasminogen activatorplasmin-metalloproteinase pathway exists anywhere but in vitro, and the 30-year-old concept that the matrix must be broken down to allow cell migration (in normal or in metastatic instances) is under close scrutiny and revision [14] [15] [16] . Indeed, the possibility that the proteolytic degradation of the extra cellular matrix might not be required for migration at all has been investigated 17 . There are other instances in which a series of required proteolytic steps does not necessarily denote a pathway or a cascade. For example, chromatid separation during anaphase requires the protease separase. Separase is under control of securin, which must be degraded by the proteasome 18 . The timing of securin degradation is controlled by the anaphase-promoting complex -a ubiquitin E3 ligase 19 . Ubiquitin itself must be generated by the carboxy-terminal proteolytic processing of polymeric precursors or from the recycling of conjugates, which are all dependent on deubiquitylating enzymes (DUBs) 20 . Therefore, in principle, we have a sequence of proteases: DUB-proteasomeseparase; however, it is debatable whether this could be called a pathway or a cascade.
Roles of proteases in disease
As proteases have a role in almost all biological pathways and networks, their misregulation is implicated in a broad range of diseases. Some of the best known include thrombin and plasmin in coagulopathies and in bleeding disorders 21, 22 ; matrix metalloproteinases (MMPs) in cancer and in inflammation 14, 23 ; renin and ACE in hypertension 24 ; staphylococcal and streptococcal proteases in necrotic skin infections and in the destruction of haemo stasis 25, 26 ; and cysteine cathepsins, caspases and the proteasome in cancer and in neurodegeneration [27] [28] [29] . Throughout most of the pharmaceutical literature and the practice related to proteases, the prevailing view is that active proteases have detrimental roles in disease, although there might not be much formal proof of this. In cancer and in inflammation, for example, many different proteases are upregulated and/or activated and the common approach is to target them for inhibition. Whereas proteases are frequently prognosticators of poor outcome (prostate-specific antigen is the classic example), they also have a role in apoptosis induction. Turning apoptosis-inducing proteases such as caspases 'back on' can reinstate the normal death mechanisms that have been overcome in cancer cells 30 . However, getting the balance right is crucial -too much apoptosis results in the inappropriate death of neuronal cells (neuro degeneration) 31 , whereas too 29, 32, 33 ; however, their exact role remains controversial and must be investigated on a case-by-case basis 34 . Previous drug trials with MMP inhibitors in cancer showed that the drugs had serious side effects and illustrate the importance of careful investigation of the function of proteases in disease
.
Protease inhibitor drug discovery
Having decided that a particular protease has an important role in a given pathology, the general therapeutic strategy taken is to identify a specific inhibitor -generally a small molecule -that could block the action of the protease. There are a limited number of strategies available to pharmaceutical chemists in search of this goal, which usually target the active site, initially by mimicking the structure of a peptide substrate. This is exemplified by the campaign of the novartis and Speedel collaboration that resulted in the drug aliskiren (Tekturna/ Rasilez; novartis) to inhibit renin, which has a key role in the regulation of blood pressure (BOX 3; TABLE 1). ACE inhibitors such as captopril, HIV protease inhibitors such as ritonavir (norvir; Abbott laboratories) and dipeptidyl peptidase 4 inhibitors such as sitagliptin (Januvia; Merck), are also paradigms for the development of protease inhibitors that target the active site in an intrinsic subsite occupancy mode (TABLE 1) .
The active site of proteases has a high propensity to accommodate organic molecules. In a study that mapped the binding surface of porcine pancreatic elastase using multiple solvent crystal structures 35 , it was shown that organic molecules bind almost exclusively in the active centre, whereas the remaining surface of the elastase protein had almost no binding affinity towards them. A more detailed analysis showed that these molecules bind in the pockets of the protease that are known to be targeted by previously developed inhibitors. Interestingly, the binding of the organic molecules also overlapped with the binding hot spots that were determined using a protein-ligand interaction database analysis.
Knowledge of the intrinsic subsite occupancy -the inherent preference of a protease to bind specific side chains in its specificity pockets (fIG. 2) -is vital for guiding active-site directed protease drug discovery. In principle, a good substrate can be converted to a good inhibitor by replacement of the part of a substrate that directly reacts with the active site of the protease (covalently or non-covalently) with a chemical 'warhead' targeting the catalytic mechanism. The importance of this methodology to drug discovery is exemplified by the identification of sitagliptin by Merck [36] [37] [38] 
Identification of subsite preference. The traditional procedures for determining protease subsite preference are positional scanning approaches to define the best fit into the protease active site cleft 39 . This can be done by using combinatorial substrate libraries or combinatorial inhibitor libraries, which generally consist of natural amino acids (peptides) linked to a fluorogenic reporter, or more recently to peptidic derivatives of Figure 1 | Tetrahedral intermediates formed during peptide cleavage by proteases. All proteases accelerate the formation of a transition state in peptide-bond hydrolysis. This state, termed the tetrahedral intermediate, is a prerequisite for peptide-bond scission in all protease mechanistic classes. In the case of serine (Ser), cysteine (Cys) and threonine (Thr) proteases, the tetrahedral intermediate involves a stable covalent bond to the enzyme's catalytic nucleophile (Nuc), whereas metalloproteinases and aspartic acid (Asp) proteases use a non-covalent acid-base mechanism. The tetrahedral intermediate is difficult to simulate; protein engineers and chemists have yet to invent or evolve an independent chemical structure or fold that can efficiently catalyse peptide-bond cleavage. There are examples in which catalytic antibodies, for example, have been evolved to efficiently hydrolyse activated esters, but these ester bonds are extremely different from the resonance-stabilized peptide bond 124 . This is a surprising gap in our knowledge and remains fertile ground for future work. )) (b) with substrate or inhibitor residues contacting the active site cleft (shown in red sticks) and with substrate or inhibitor residues contacting the exosite (shown in green sticks) are shown. In SENP2, the exosite is composed of a large disperse region that occupies the bulk of the small ubiquitin-like modifier (SUMO) substrate, which is required for directing specificity and enhancing activity 76 . By contrast, the thrombin exosite consists of a relatively small cationic patch that is required for efficient catalysis of fibrinogen and for binding to the inhibitor hirudin 21 . The surface of Vibrio cholerae RtxA toxin (Protein Data Bank code 3GCD 127 ) (c) centres on the allosteric natural small-molecule activator inositol hexakisphosphate (shown in white), with the active site bound peptide (shown in red) underlying a loop in the translucent surface. In the case of SENP2, the exosite is potentially quite large, complicating small-molecule control. However, in thrombin and RtxA the exosite or the allosteric site is composed of surfaces compatible with small-molecule targeting.
drug-like fragments 40 , which explore the S1-S4 specificity pockets of the protease catalytic cleft [40] [41] [42] (fIG. 3) . Most positional scanning techniques are restricted to the unprimed side of the catalytic cleft, and exploration of the entire cleft requires methods that are chemically less tractable. This is generally accomplished using fluorogenic libraries that contain internal fluorophores equipped with an appropriate quencher and designed to span the length of the cleft 43 .
So far, these methods have determined the intrinsic subsite preferences of more than 150 individual proteases [44] [45] [46] [47] [48] . They have led to the identification of active substrates and the subsequent optimization of inhibitors for cruzaine (also known as cruzipain) 49 , a cysteine protease of Trypanosoma cruzi that is the causative agent of Chagas disease. Also, inhibitors of cathepsin S 50 , which is implicated in autoimmune diseases, and inhibitors of the hepatitis C virus protease 51 have been identified. Positional scanning methods and complete platforms for inhibitor screening were also developed for screening MMPs. Such screening resulted in peptide inhibitors for MMPs with in vivo protective effects against endotoxic shock [52] [53] [54] . An orthogonal method of substrate screening using mixture-based oriented peptide libraries allows separate identification of the unprimed and primed subsite preferences of the catalytic cleft without the need for fluorogenic or colourimetric reporters 55 . This has delivered specificity information on several MMPs and on anthrax lethal factor 56, 57 . An interesting reverse method related to the classic substrate libraries was recently developed by Sanofi-Aventis, in which the reactive electrophilic group of previously developed drug candidates for cathepsin K and cathepsin S was replaced with a cleavable peptide bond attached to a fluorophore-quencher pair. In this way a relatively selective substrate for cathepsin K was developed, which may become useful for cell-based screening of the protease 58 . Substrate phage techniques, in which a randomized peptide sequence is assessed for cleavage by a protease, also remain popular for determining the substrate cleft subsite preferences, although validation of the cleavage site can be laborious [59] [60] [61] . It is important to note that these methods have yet to deliver reliable information on natural protease substrates 1 . There are now hundreds of structures that show how inhibitors, both natural and synthetic, bind to protease active sites, but there are still surprisingly few structures of proteases with their natural substrate bound. like other enzyme families, such as kinases, one cannot predict natural substrates from intrinsic subsite occupancy, and only in some cases has this been successfully proved (caspases being the best example) 62 . Consequently, the only way to determine the identity of natural substrates is by directly determining the products of proteolysis ex vivo.
Box 1 | Examples of proteolytic cascades

Blood clotting
The classical model for thrombus generation involves a cascade of activating events, involving the sequential activation of a series of zymogens of serine proteases to produce thrombin. Thrombin converts fibrinogen to fibrin, which forms the blood clot 8 . The rapid activation of thrombin can be visualized by in vivo substrate imaging 97 . A clot takes a minute or two to form, but the terminal clotting protease thrombin is activated within seconds after tissue injury in vivo 97 . The cascade is initiated through two pathways. In the intrinsic pathway all zymogens and cofactors are constituents of the blood. By contrast, in the extrinsic pathway, tissue factor, which is expressed on the surface of all non-vascular cells, comes into contact with flowing blood to initiate blood coagulation. The concept of these two distinct pathways has sufficed for many years, but recent observations have blurred the distinctions. For example, deficiencies of proteins in the contact phase of the intrinsic pathway do not lead to haemorrhagic disorders 97 , and thrombin can activate factor XI, a zymogen of the intrinsic pathway 99 . Significantly, it has also been realized that in vitro coagulation is not an accurate reflection of the in vivo process, and some putative coagulation proteases have dropped from our understanding of blood coagulation in vivo. For example, a physiological role for Hageman factor (factor XII) and prekallikrein in the coagulation pathway is unlikely because individuals lacking this activity have no bleeding complications, even though both proteases accelerate blood coagulation in vitro and in mouse models of pathological coagulopathies 100 .
Fibrinolysis
To prevent excessive fibrin accumulation, fibrinolysis promotes the local dissolution of thrombi and promotes wound healing by re-establishing blood flow. Fibrinolysis is carried out by the plasminogen activation system, consisting of serine proteases that convert the inactive zymogen plasminogen to the active serine protease plasmin 22 . There are two plasminogen activators: urokinase-type plasminogen activator and tissue-type plasminogen activator. Plasmin, in turn, activates localized extracellular proteolytic activity, which catalyses the relatively nonspecific degradation of extracellular proteins.
complement fixation
The complement system, comprising a group of more than 34 serum proteins, is activated by antigen-bound immunoglobulin or by membrane components on Gram-negative bacteria or fungi. This stimulates inflammation, antigen phagocytosis, and in some cases, direct lysis of cells. Complement fixation is activated through three protease cascade pathways: the classical, the alternative and the mannan-binding lectin pathway 101 . All pathways involve the cleavage of complement component C3, the most important activation step in complement fixation, and have a common final pathway called the terminal pathway or the membrane attack complex.
Apoptosis
Apoptosis, the most intensively studied form of programmed cell death, is regulated in mammalian cells by the cysteine proteases known as caspases. Like the blood coagulation pathway, caspases exist as zymogens awaiting an appropriate activation signal 102 . Again, similar to blood coagulation, two cascades are known: the extrinsic pathway and the intrinsic pathway. The extrinsic pathway is initiated by a signal from a so-called death receptor, such as the surface receptor Fas, which results in the activation of caspase 8 or caspase 10 (REf. 103) . The intrinsic pathway is thought to be triggered by translocation into the mitochondria of a pro-apoptotic BCL2 family member; for example, BAX, which allows the release of pro-apoptotic factors, such as cytochrome c, from the mitochondria. Cytochrome c then triggers the formation of a supramolecular structure called an apoptosome, which results in the activation of caspase 9 (REf. 104). Activated caspase 8, caspase 9 or caspase 10 then generate the catalytically active forms of caspase 3 and caspase 7, which constitute the main apoptotic effectors.
gastrulation
During Drosophila embryogenesis, cell fates along the dorsoventral axis are determined by a gradient of the extracellular morphogen Spätzle, which activates the receptor Toll. Spätzle carries the signal needed for ventral and lateral development, and genetic evidence suggests it is activated by four serine proteases -Nudel, Gastrulation defective, Snake and Easter -sequentially in a proteolytic cascade similar to blood clotting 105 .
Nature Reviews | Drug Discovery The discovery of inhibitors, informed by the elucidation of intrinsic subsite preferences, is often supplemented by methods that make no assumption and require no knowledge of protease substrate specificity, such as high-throughput screening (HTS) or fragment-based screening. These methods may even have an advantage because such screens are not restricted to identifying compounds that target the active site.
Screening methods that require no knowledge of substrate specificity. HTS allows the identification of protease inhibitors by screening compound libraries ranging from hundreds to millions of compounds in size. The main challenge associated with HTS is obtaining hits with high selectivity towards the target and with desired bioavailability and safety profiles. Thus, traditional lead optimization must accompany HTS methods to address specificity issues (see BOX 5 for case study). notwithstanding the classic problem that the number of compounds usually used in HTS ( 64 . Fragment-based screening aims to identify low molecular mass fragments that interact -typically weakly -with the target and then guide their optimization into more potent inhibitors, usually by harnessing structural information. This methodology for lead discovery, which uses nuclear magnetic resonance spectroscopy, mass spectrometry or X-ray crystallography, has been developed since the 1990s and has recently attracted considerable interest resulting from the growing number of compounds identified as viable leads 65 . The basic concept of fragment-based lead discovery using nuclear magnetic resonance spectroscopy is to screen libraries of small molecules (fragments of 100-300 daltons) and identify at least two binding sites on the target that bind fragments that can be linked together to generate a lead 66 . Ideally,
Box 2 | Clinical studies of matrix metalloproteinase (MMP) inhibitors
Almost two decades ago, several pharmaceutical companies (including Agouron, Bayer, British Biotech and Roche) moved MMP inhibitors into human trials based on the assumption that they would be effective in controlling connective tissue diseases. Many of these trials turned out to be major failures. Owing to serious complications, the trials were terminated early, seeding deep apprehension of MMP-based therapy 106 . The severe off-target effects were discovered to be based on two principal misconceptions: first, that the drugs were going to be selective for specific MMPs, and second, that these MMPs had an exclusive role in matrix turnover. The assumptions turned out to be wrong and it is now clear that MMPs are also vital for immune regulation, which may be a principal reason for their failure in cancer and inflammation trials 107 . Moreover, the goals were set too high and the drug companies added an additional goal of oral bioavailability 23 . Thus, at least in these contexts, some MMPs and their close relatives should be thought of as the 'good guys' in disease.
To overcome the danger of off-target effects, it is essential to either thoroughly characterize the biological roles or understand the degree of crossreactivity of inhibitors to closely related members of an enzyme family, before embarking on drug campaigns. As exemplified by the Novartis Expertise Platform in Proteases, and probably hastened by the failure to take this into account in the early development of MMP inhibitors, considerable effort is now made to counterscreen all members of a protease family (paralogues) 106 .
Box 3 | The generation of renin inhibitors -a classic protease inhibitor campaign
Renin cleaves angiotensinogen to form angiotensin I and is viewed as an excellent target for blood pressure regulation, especially as another protease (angiotensin-converting enzyme) acting in the same biochemical pathway is the target of extremely successful protease inhibitor drugs 108 . inhibitor development timeline First generation. These were based on the substrate specificity of renin, an example of which is H-142 (half-maximal inhibitory concentration (IC 50 ) = 10 nM). However, owing to the peptide origin of these molecules their metabolic stability was not satisfactory 108, 109 . Second generation. These were peptidomimetics in the form of dipeptide transition-state analogues, an example of which is remikiren (IC 50 = 0.7 nM). These compounds were much more efficient in the inactivation of the enzyme and also possessed better metabolic stability. However, they had extremely low oral bioavailability and particularly high doses were needed in humans to achieve the desired drug to target ratio 110 .
Third generation. These were based on non-peptide-like compounds discovered using classical lead to drug methods with the application of X-ray crystallography. Currently the best known and effective representative of this group is aliskiren (Tekturna/Rasilez; Novartis) (IC 50 = 0.6 nM), which was co-developed by Speedel and Novartis, and received marketing approval in the United States and in the European Union in 2007. Aliskiren possesses good metabolic stability, and its oral bioavailability is approximately 2.5% with a half-life of around 24 hours 111 . 70 , anthrax lethal factor (Burnham Institute) 71 and caspase 3 (Sunesis Pharmaceuticals) 72 .
Reversible versus irreversible inhibitors.
Drug leads identified on the basis of subsite specificity or from HTS or fragment-based screens often act as irreversible inhibitors, as they covalently bind to their targets. For aspartyl and metalloproteinases, which do not form stable covalent bonds during scissile peptide bond processing, the compounds of choice are reversible inhibitors possessing strong ligand properties that are able to tightly interact with the active site. However, it has proved difficult to engineer inhibitors of cysteine, serine or threonine proteases that do not contain an irreversible mechanism-based electrophile. This could be a matter of trial and error, as irreversible inhibitors are much more effective and easier to make.
In the pharmaceutical industry, the view is that drug binding should be reversible, owing to concerns about the antigenicity of covalently modified proteins, and the consequences of suboptimal specificity, especially over periods of extended therapy. leads with irreversible binding mechanisms are usually not optimized as a result of concerns about putative side effects 1, 38, 73 . However, it should be noted that not all covalent binders are irreversible. For example, bortezomib (Velcade; Millennium Pharmaceuticals), which is used in the treatment of multiple myeloma 27 , covalently binds to the catalytic threonine site of the 26S proteasome with high specificity and affinity, but despite the formation of a covalent adduct the bond is kinetically reversible.
There are also cases in which an irreversible inhibitor can be used therapeutically. For example, one may imagine that irreversible inhibitors of the T. cruzi protease cruzaine would show severe side effects because they also target host cysteine proteases. However, these inhibitors show efficacy and low toxicity because they become concentrated within the parasite, and because antiparasite therapy is in principle a short-term treatment 74 . Thus, an irreversible inhibitor can be extremely effective when used in an appropriate therapeutic context.
Allosteric and exosite inhibitorsnext-generation protease inhibitors?
Failures to develop highly selective activesite targeted inhibitors for some groups of proteases due to overlapping activity or lack of specificity has begun to shift interest to exosite and allosteric interactions. The significance of these regions can be readily appreciated for deubiquitylating and desumoylating proteases, which process their natural substrates with kinetic rates -catalytic constant , whereas substrates based only on the linear epitope recognized in the active centre are cleaved with rates that are 5-6 orders of magnitude less efficient [75] [76] [77] [78] . The importance of exosites is exemplified by the thrombin inhibitor desirudin (TABLE 1; fIG. 2) , and by the discovery of a ligand binding pocket distinct from the catalytic centre in the aspartic acid protease β-site of amyloid precursor protein cleaving enzyme (BACE) (involved in Alzheimer's disease). Specific peptides, initially identified from combinatorial phage peptide libraries, bind to this exosite even in the presence of saturating glossary Active site Region in the enzyme in which the primary substrate binding site is localized and catalysis occurs. Usually the active site is on the surface of the enzyme and is made up of pockets defined by protein surfaces, which are responsible for the specific binding of the substrate amino acid residues next to the scissile bond.
Allosteric site
Region of the enzyme that does not participate directly in substrate recognition and processing. Through the ability to interact with specific modulators (proteins or small molecules) the allosteric site enhances or inhibits substrate to product transition through conformational changes in the enzyme.
Exosite
Region of the enzyme distant from the active site that is responsible for specific substrate-enzyme interactions. Exosite interactions influence the rates of catalysis, and sometimes of substrate specificity, of a given protease. Classic examples are the recognition of fibrinogen by thrombin, ubiquitin recognition by ubiquitin-specific peptidases (deubiquitylating enzymes or DUBs), and small ubiquitin-like modifier (SUMO) recognition by SUMO-specific proteases (SENPs).
Box 4 | Case study: the development of sitagliptin
The stabilization in blood of glucagon-like peptide 1, a key glucoregulatory hormone, by the inhibition of its inactivating protease dipeptidyl peptidase 4 (DPP4) is a validated approach for the treatment of type 2 diabetes. Development of a DPP4 inhibitor at Merck began in 1999 after the company in-licensed threo-isoleucyl thiazolidide and allo-isoleucyl thiazolidide leads that were based on substrate specificity studies with peptidomimetics that simulated substrate cleavage sequences attached to a reactive electrophilic warhead 112 . Off-target inhibition of related DPPs led to refocusing, through structure-activity relationship studies, on screening leads that identified the highly selective β-amino acid piperazine series, and ultimately the pharmacologically more potent and selective triazolopiperazine series 113 . Optimization led to the development of sitagliptin (Januvia; Merck), a highly selective DPP4 inhibitor for the treatment of type 2 diabetes, which was approved by the US Food and Drug Administration in 2006. concentrations of active-site directed inhibitors. Binding of peptides to the BACE exosite leads to a concentration-dependent inhibition of proteolysis for amyloid precursor protein-related, protein-based substrates of BACE 79 . The impact of allosteric mechanisms in delivering tight and specific inhibition is also exemplified by approaches using dimerization disruptors to inhibit the protease of human Kaposi's sarcoma-associated herpesvirus 80 , and designed ankyrin repeats (DARpins) as selective caspase 2 inhibitors 81 . Caspases, especially those involved in apoptosis, have notoriously overlapping substrate specificity and therefore the development of specific inhibitors based on common strategies has been difficult, if not impossible 82 . However, screening with protein-based recombinant DARpin libraries produced an extremely selective and potent inhibitor of caspase 2. The caspase 2-specific DARpin was discovered to target a region that connected with the active site and influenced the catalytic conformation of the protease 81 .
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Although it would be difficult to render a small molecule from the DARpin, this showed that specificity can be achieved with allosteric inhibitors. One could envisage using this strategy for the development of specific inhibitors for other classes of proteases that have tightly overlapping substrate specificities such as the cathepsins, MMPs, DUBs or small ubiquitin-like modifier proteases.
Biologicals -natural inhibitors and antibodies.
Another approach that does not rely on active-site directed small molecules is the use of biological (protein-derived) agents. Although it may be difficult to develop biological agents for intracellular proteases, there is a clear opportunity for secreted or cell surface proteases. After all, the proteases of the coagulation, complement and inflammatory pathways are naturally regulated by proteins of the serpin family 83 . Although abandoned in the past due to delivery problems, the serpin family member antitrypsin is regaining popularity as a therapeutic inhibitor of its target protease elastase in the control of cystic fibrosis 84 . However, natural inhibitors of proteases are often characterized by broad selectivity and they can inhibit multiple related proteases. Protein engineering efforts using natural inhibitors as a starting point have yielded selective inhibitors. As an example, the classic thrombin inhibitor hirudin, initially isolated from the medicinal leech, led the way to selective thrombin antagonists. Another example is ecotin, a natural Escherichia coli protein that can inhibit multiple trypsin-fold proteases and has been engineered, using a library display approach, to create a potent and selective inhibitor of plasma kallikrein 85 . The Kunitz domain, present in many natural protease inhibitors, has also been a focus of protein engineering efforts to generate specific protease inhibitors 86 . In fact, a Kunitz domain-based inhibitor of plasma kallikrein, ecallantide (Kalbitor; Dyax) has recently been approved for the treatment of hereditary angioedema 87 . However, as is the case for many scaffold proteins of nonhuman origin, there are concerns about their immunogenicity.
An alternative approach to engineering natural macromolecular protease inhibitors is the generation of antibody-based protease inhibitors. Several highly potent and selective protease inhibitors have been generated through classic hybridomabased methods 88 as well as screening of antibody-display libraries 89, 90 . The exquisite specificity of antibodies in principle fulfils the search for inhibitors capable of distinguishing between closely related protease family members. Furthermore, the antibody approach offers a unique promise of being able to probe regions of the protease that are not restricted to the natural inhibitor binding site (that is, the active-site region) and thereby may facilitate the generation of allosteric or exosite inhibitors, as shown for coagulation factor VII 91 . In standard protease notation, substrates are cleaved between the P1 (amino-terminal) and P1′ (carboxy-terminal) residues, with P1,2,3 ... n and P′1,2,3 ... n residues increasing towards the N terminus of the protein and towards the C terminus respectively. The corresponding pockets on the protease that accept the substrate side chain are designated S or S′ accordingly 128 . The schematic representation of the active site cleft of proteases shows the prime S1′-S3′ pockets accommodating specific amino acid side chains identified on the C-terminal side of the scissile bond and unprimed sites S1-S4 identified on the N-terminal side of the scissile bond (indicated by scissors). Shown also are the types of chemical moiety that can be used to investigate protease specificity either as individual substrates or as combinatorial libraries. The application of positional scanning substrate libraries allows exploration of the individual pockets of the protease by synthesis of a set of sublibraries. These generally consist of natural amino acids linked to a fluorogenic reporter, or, for a wider exploration of the catalytic cleft, of peptides that contain fluorophores and a quencher. The cleavage preference for each sublibrary is determined from fluorescence yields generated when the fluorophore is separated from the quencher by cleavage of the peptide bond. The macromolecule approach of developing protease inhibitors has the distinct advantage over the small-molecule approach in that the former can target larger surfaces on the protease and may yield more selective inhibitors. However, these two approaches must not necessarily be at odds with one another. Structural studies of a protein-based inhibitor in complex with its specific protease could provide insights for the rational design of small-molecule inhibitors that mimic the binding interactions in terms of overall chemical architecture.
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Conclusions and future directions
As described above, conventional drug discovery strategies targeting proteases have proved useful, at least for the limited number of successful protease inhibitors currently on the market. We have discussed reasons for the limited success, based primarily on conventional approaches that frequently limit the achievable specificity required for successful therapy. A simple formula to decide whether a drug lead is worth pursuing would be desirable; for example, a selectivity ratio in which a paralogue is inhibited at less than 1% compared with the main target. However, in reality this may be difficult to achieve, with the result that decisions are made empirically (BOX 6) . Related to this consideration is the realization that protease orthologues in animal models do not always have the same specificity as the human enzyme, thus questioning the validity of such animal models. The need to develop approaches for understanding human proteases in their natural context is a priority that will probably dominate protease inhibitor research, if not most drug research, in the future.
With regard to the broad range of technologies that are now available for protease inhibitor design, the question arises as to which delivers the best hits. Targeting the active site using a combination of specificity-based knowledge and structurebased design is a tried and proven strategy. However, the burst in technologies using combinatorial libraries, HTS or fragmentbased screening began only in the early 1990s. Although only a minor fraction of approved drugs have been developed with these methods, this is not surprising considering the time necessary for the development of the technology and the subsequent application, and so the question of which strategy might be best remains open.
In the quest to optimize the specificity of protease inhibitors, alternative targets to the active site should also be considered. So far, no allosteric protease inhibitors or inhibitors that target the exosite have reached advanced development. Highly successful protease inhibitors all target the active site, so why risk pursuing allosteric regulators? One important point to consider is that active-site directed inhibitors are inherently competitive with endogenous substrates. Most proteases in vivo are thought to Box 5 | Case study: deubiquitylating enzymes About 100 deubiquitylating enzymes (DUBs) have been identified in humans, comprising around 20% of proteases in the proteome. These enzymes remove ubiquitin from specific targets and their target recognition profiles overlap 20 . The DUB ubiquitin carboxy-terminal hydrolase isozyme L1 (UCHL1) is involved in neuropathic pain, Parkinson's disease and the progression of non-neuronal tumours. High-throughput screening of 42,000 drug-like compounds for their ability to inhibit this protease led to the identification of several hits, including eight promising isatin oximes 114 . Further optimization of these isatin oximes led to the discovery of the O-acyl oxime reversible competitive inhibitors for UCHL1 with higher specificity over its close homologue UCHL3. Investigation of lung tumour cell lines with these compounds suggested that UCHL1 has antiproliferative activity and that its expression is a result of the response to tumour growth 115 . The figure depicts the inhibitors and the half-maximal inhibitory concentration (IC 50 ) for each UCHL1 and UCHL3, and the value for the relative potency of inhibition for the homologues.
Box 6 | Aminopeptidases: targets for antimalarials
An interesting challenge is posed by drug development for proteases with overlapping substrate specificity, originating from two different organisms, with the aim of inhibiting only one. Such scenarios are encountered in parasite or pathogen infections in humans. An example for this is provided by the aminopeptidases (APNs). The malaria parasite Plasmodium falciparum produces eight different APNs -four methionine APNs, two neutral and one prolyl and one aspartyl -some of which are orthologues of human leucine APN (LAP, class M17) and alanine APN (CD13, class M1) 115 . These parasite APNs generate a pool of free amino acids through digestion of the peptides formed by other proteases from human haemoglobin in the digestive vacuole of the malaria parasite.
Some substrate specificity studies using fluorogenic substrates or substrate-based inhibitors (phosphonates) suggest substantial specificity overlap of both human and malarial APNs 116, 117 . Phosphinate inhibitors of mammalian porcine kidney LAP have a similar inhibitory potency towards the P. falciparum orthologue (inhibition constant (K i ) = 13.2 nM and K i = 66.0 nM towards malaria LAP (PfLAP) and mammalian LAP (pkLAP) respectively). But in a Plasmodium chabaudi murine malaria model, these inhibitors reduced the parasite burden by 92% without any serious toxicity 118 . These data show that in such circumstances, the degree of specificity and selectivity is not as crucial. The key factor seems to be the delivery mechanism responsible for drug distribution in the target cells 118 . The chemical structures represent the most potent phosphinate dipeptide analogue inhibitors directed against the P. falciparum M17 leucine APN as reported in REf. 118. operate in an environment in which they are substrate saturated, and this will slow down and/or weaken competitive inhibitors by the factor of 1 + S/ΣK m , in which ΣK m is the sum of all values for all the substrates in a cell. In addition to the perennial problems of tissue penetration and pharmacokinetic considerations, this concept -backed up by a recent publication on HIV protease inhibitors that operate allosterically 92 could explain why the inhibitory concentration of a protease inhibitor drug in vivo is always several orders larger than in a purified system. By contrast, allosteric or exosite inhibitors need not be affected by substrate concentration.
There is also concern that an allosteric or exosite inhibitor connected to an active-site directed moiety may generate highly specific binding, but will result in an extremely large molecule that will not be viable for commercial inhibitor development. However, as pointed out in fIG. 2 , not all exosites or allosteric sites require large binding surfaces, and the proof-of-principle already exists in the form of the thrombin inhibitors based on the exosite binder desirudin. A proof-of-concept application of a smallmolecule allosteric inhibitor strategy was reported by Sunesis Pharmaceuticals, who developed low molecular mass inactivators of caspase 3 and caspase 7 using a fragmentbased screening technology. Among a selection of molecules were ones that targeted not the active site, but a region at the interface of the caspase dimer, essentially freezing the caspases in their catalytically inactive zymogen conformation 72 . For technical reasons based on the low affinity covalent tethering method required for the identification of hits, it is challenging to develop these particular compounds directly into drugs. nevertheless, the message is clear: allosteric regulation by small molecules is now a high priority approach to protease inhibition. The evidence that currently available protease inhibitor drugs are highly specific is quite limited, and specificity is a major issue in active-site directed protease development programmes. Therefore, in our opinion, to achieve high specificity and selectivity one must avoid the active site. However, development has been slow in this area, and given the thermodynamic hot spot that defines protease active sites, unconventional approaches are required to target away from the active site 93 . Importantly, these considerations also apply to several other potential drug targets that can be regulated by allosteric interactions. Indeed, the hugely successful kinase inhibitor imatinib (Gleevec; novartis) has been shown to operate by a predominantly allosteric mechanism because it does not directly bind to the ATP binding site 94 , and allosteric modulators of G protein-coupled receptors are emergent leads for compounds that provide high selectivity for this group of therapeutically tractable proteins 95 .
Given the wealth of mechanistic and structural data on proteases, as well as new fragment screening approaches, we anticipate that strategies to target the allosteric sites of proteases will soon emerge and that research and development in this area is likely to be extensive and profitable. Readers interested in learning more about allosteric inhibitors are directed to an excellent review in REf. 96 . naturally, an equally important part of protease inhibitor therapy, common to all drugs, is to achieve adequate absorption, distribution, metabolism, excretion and toxicology parameters, and only a skilful combination of these parameters with inhibitor selectivity will provide strong drug candidates.
Finally, although small molecules are still the most popular approach to protease inhibitor therapy, the opportunity of using biologicals is increasingly being realized. Future biotechnology drugs in protease therapy may include allosteric-site interactors, biologicals based on antibodies and highly selective natural protease inhibitors, and even proteases themselves
